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The purpose-of this research was to study the ester- 
ification of equimolar eyclohexanol and acetic acid cat­
alyzed by sulfuric acid with dioxane as the diluent. The 
reverse reactions, cyclohexlyacetate and water forming 
cyclohexanol and acetic acid* was also studied* These 
reactions were carried out in a stirred batch reactor* The 
main objective of this investigation was to develop an em­
pirical equation which would relate the rate constant to 
initial reactant concentration* catalyst concentration* and 
temperature* The range of these variables was 1*25 moles 
per liter (M) to 5*00 M* 0*0930 M to 0*1245 M* and 104°F 
(40®C) to 176°F (80#G)* respectively*
Experimental forward and reverse reaction rate con­
stants are tabulated for 27 combinations and 2 combinations 
of variables* respectively* line duplicate esterification
i i i
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runs had a mean deviation of 0o9Xo Equilibrium constants 
are tabulated for 28 forward rums amd 7 reverse rums „ Rate 
constants calculated from the empirical equation that was 
developed are tabulated• The equation predicted rate con­
stants within an accuracy of about 4X in the range studied.
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INTRODUCTION
Numerous kinetic studies of alcohol-acid esterifi- 
cations are cited in the literature. Goldschmidt (1) de­
veloped an equation which related the rate constant to the 
initial reactant acid concentration, ester concentration, 
catalyst concentration, protonated alcohol concentration, 
and time. He tested the equation for a number of esterifi- 
cation reactions at 25°C and found the equation successful 
in obtaining the rate constant. Smith (2,3) confirmed
Goldschmidt's equation for normal aliphatic acids in meth-
oanol catalyzed by hydrochloric acid over the range 20 C to 
50®G. In these and other studies (4-10), either sealed 
glass ampules or a ground-glass stoppered flask was used as 
the reactor. The studies were also similar in that the al­
cohol was always in excess, and the organic acid was init­
ially constant. A high alcohol-to-acid rati© was found to
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result in a desirable high yield. A number of conclusions 
developed from the previous studies:
(1) Organic acid-alcohol esterificatiom is catalyzed 
by a strong mineral acid.
(2) The rate constant is a function of catalyst con­
centration, temperature, and alcohol-acid molar ratio.
(3) The equilibrium constant is strongly influenced 
by the alcohol-acid molar ratio, weakly influenced by 
temperature, and not influenced by the catalyst concentration.
(4) The reaction is second order with respect to the 
organic acid concentration.
In previous experiments involving equimolar cyclo- 
hexanol and acetic acid, this author found the rate constant 
to be a function of the initial reactant concentration as 
well as temperature and catalyst concentration, and the 
reaction to be third order. This thesis is an attempt to 
substantiate these results. The purpose of this thesis was 
to study the esterificatiom of equimolar cyclohexanol and 
acetic acid catalyzed by sulfuric acid with dioxane as the 
diluent. The reactions were carried out in a stirred batch 
reactor. The main objective of the investigation was to
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develop an empirical equation which would relate the forward 
reaction rate constant to initial reactant concentration, 
catalyst concentration, and temperature. The range of these 
variables was 1.25 moles per liter (M) to 5.00 M, 0.0930 M 
to 0.1245 M, and 104°F (40®C) to 176°F (80°C), respectively. 
The combinations of variables covered in this investigation 
are shown in figure 1.
The reverse reaction, cyclohexylacetate and water form­












Runs React ion · 
Experimental Combinations of Variables 
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EXPERIMENTAL WORK
The experimental work can be described in three 
sections: apparatus and equipment, materials and reagents, 
and procedure.
Apparatus and Equipment
A 300-ml, 3-neck, round-bottom, glass, boiling £lask 
was constructed for use as the reactor. The center neck 
was f 34/45, and the two side necks were both T 24/40.
These side necks were angled, as shown in figure 2, to avoid 
contacting the mercury-seal stirrer in the center neck.
The temperature bath was a "MagniWhirl Visibility Jar 
Bath11, model MW 1152, manufactured by the Blue M Electric 
Company. It was an on-off controlled bath with a room 
temperature to 100°C temperature range. Commercial mineral 















Figure 2 s Reaction Apparatus
Saybolt viscosity thermometers with 0.2°F increments 
were used in the reactor. An all-glass, 1-cc syringe cal­
ibrated in 1/100-cc increments was used to inject the cat­
alyst into the reactor. Equipment used for analytical work 
included 1-ml transfer pipets with 0.006-ml tolerence, 250- 
ml Erlenmeyer flasks, a 5-ml buret inscribed with 1/100-ml 
increments, and a Voland & Sons analytical balance.
Materials and Reagents
Eastman EK-703 cyclohexanol was used with no further 
purification. Infrared spectral data indicated the cyclo­
hexanol contained less than 1.0% water. The boiling range 
was 136.8°F - 137.2°F at 10 mm of mercury.
Baker & Adamson 20% fuming sulfuric acid was mixed 
with B 6e A sulfuric acid (assay 95.5%-96.5%), and the con­
centration was adjusted by titration to yield about 50 ml of 
100% sulfuric acid. This catalyst was stored in a 50-ml, 
ground-glass volumetric flask.
Cyclohexylacetate was extracted from the reaction pro­
ducts and purified in the following manner. One liter of 
the reaction products was put in a 2-liter boiling flask, 
as shown in figure 3. To this was added 50 ml of commercial
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glacial acetic acid, 150 ml of distilled benzene, and 1 ml 
of concentrated sulfuric acid. The solution was refluxed 
until all of the water had been collected out of the moist­
ure test receiver. The solution was then washed in a separa­
tory funnel with tap water, which was slightly basic, to re­
move the dioxane, unreacted acetic acid, and the sulfuric 
acid. Cyclohexylacetate is insoluble in water (11), so as 
much as 5 liters of tap water were used. The solution was 
then washed with 1 liter of distilled water. Benzene was 
added to the washed solution, and the solution was refluxed 
as before until all the water from the washing step was 
collected. Then the temperature was allowed to rise to 
about 14G°C by taking off benzene. The resulting solution 
of approximately 98% ester-2% benzene was vacuum distilled 
at room temperature and 5 mm of mercury until all the benzene 
was removed. Then the temperature was raised and the ester 
collected. The first and last 5% was discarded even though 
the refractive index remained constant over the entire 
distillation. The boiling point was 68.8°C at 20 mm of 
mercury, and the refractive index was 1.44070 at 20°G.
Density versus temperature data are tabulated in Append(y.H.,
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Commercial 1,4-dioxane was purified amd dried (12), but 
the resulting dioxane was more impure than the original.
The dioxane was finally purified by drying it over Drierite, 
passing it through activated alumina, and then distilling it. 
The purified dioxane boiled at 95.2°C at 622 mm of mercury, 
and did not react with calcium hydride. It was stored over 
calcium hydride in pint bottles which were flushed with 
nitrogen and sealed with paraffin.
Commercial carbonate-free, 1 N sodium hydroxide sol­
ution was used to titrate for the acetic and sulfuric acids 
in water with phenophthalein as the indicator.
Procedure
Preparation of Reactant Solutions for Forward Runs;
The densities of cyclohex^nol and acetic acid were deter­
mined by weighing 100 ml of the reagent in a volumetric 
flask immediately preceding the preparation of the solution. 
Appropriate amounts of the acid and alcohol were put in a 1- 
or 2-liter volumetric flask and diluted with dry dioxane. 
After the solution reached room temperature, the solution 
was diluted to the volumetric mark, and then the solution 
was thoroughly mixed. The solution was then poured in 160-ml
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amounts into %-pint bottles which were then stored at -20°C. 
Each bottle was labeled as to initial reactant concentration, 
and each contained enough solution for one experimental run. 
Preparation was done in this manner to insure that the 
initial reactant concentration for each run was identical.
Preparation of the Reactor; After each run was com­
pleted, the apparatus was disassembled and cleaned with 
Alconox. It was then washed with acetone and dried with air 
to remove any possible catalyst. The equipment was then 
assembled.
Introduction of the Reactants into the Reactor; The
bath was heated to the desired temperature, and a reactant
bottle was taken from the freezer and allowed to warm to
room temperature. One ml of the solution was titrated with
standard base, and the value was recorded as ,fCaorp0n, the
initial concentration of acid at room temperature. Pipeted
into the reactor were 150 ml of the reactant solution; the
reactor was sealed, and the stirring was begun. When the
solution reached the desired temperature, another 1-ml
sample was withdrawn and titrated. This value was recorded














Figure 3s Cyclohexylacetate Extraction Apparatus
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Injection of the Catalyst into the Reactors An 
appropriate amount of catalyst was drawn into the syringe. 
The syringe was weighed before and after injection* and the 
difference in weight was recorded as ,!gm the grams
of catalyst. The catalyst was injected into the reactor and 
a stopwatch was started. A 1-ml sample was taken with a 
pipet after 0.5 min (0.0083 hr) and thereafter at convenient 
intervals. Each sample was immediately titrated in 150 ml 
of distilled water in a 250-ml Erlenmeyer flask with stan­
dard base and phenophthalein. The amount of base necessary 
to neutralize the acids was measured to 0.005 ml and record­
ed as Hml NaOH11. Generally 20 to 30 samples were titrated 
before equilibrium was attained.
Procedure for Reverse Runs; The procedure for reverse 
runs duplicated the previous procedure except that each 




The calculation of catalyst-alcohol reaction products, 
equilibrium constant and experimental rate constant, and the 
determination of the reaction order and an empirical rate 
constant equation is discussed in this section.
Alcohol Reacted and Water Formed by Catalyst-Alcohol 
Reaction
To obtain the acetic acid present, the free acidity 
must be corrected for the presence of the catalyst. It was 
found in this investigation that sulfuric acid reacts with 
cyclohexanol as it does with many other alcohols (13). 
Cyclohexanol was diluted with dry dioxane to the required 
concentration and reacted with a volume of 100% sulfuric 
acid until equilibrium was reached. Equilibrium was reached 
within 10 min in all runs. Therefore, the same correction 
was applied to the free acidity throughout the entire
13
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esterification run. Table 1 shows the corrections that were 
applied.
Table Is Free Acidity Corrections 
ml base/ ml sample
ml ^SO^/lSOml 104 °F 122°F 140°F 158°F 176°F
0.25 0.045 0.045 0.045 0.040 0.040
0.75 0.125 0.120 0.120 0.115 0.115
1.00 0.165 0.160 0.160 0.155 0.155
Sulfuric acid reacts with an alcohol to form the 
corresponding mono-alkyl hydrogen sulfate and water (13). 
The amount of water and cyclohexyl hydrogen sulfate formed, 
, will equal the difference in the initial equivalents 
of sulfuric acid added and the equivalents of acid after 




where (j) ~ concentration of catalyst (moles per 
liter, M) calculated from grams of 
catalyst added
GaOiji
  - alcohol-dioxane volume correction from
Cao^Q room to operating temperature
S' = ml NaOH necessary to neutralize a 1-ml
T-1070
NaOH *= normality of base 
The equation for the amount of cyclohexyl hydrogen 
sulfate formed will appear in the equilibrium constant 
equation, because the amount of sulfate and water formed 
equals the amount of alcohol depleted by the reaction with 
the catalyst.
Equilibrium Constant
The forward reaction equilibrium constant is defined 
as the ratio of the concentration of products divided by the 




The number of moles of water and ester formed in the ester-
ification reaction are equal, and each equals the number of
moles of acid reacted. The equilibrium constant can then
be written as a function of known values as follows:
(Cao7 - CafT) (Gao**. - CafT
K = ---------- ------------   . (Eq 2)
[CafT - ( <//)] Caf^
where Cao»p * initial acetic acid concentration at 
the operating temperature,T
CafT « final acetic acid concentration at 
operating temper attar e,T
T-107G 16
The values of the final acetic acid concentration were 
obtained from the graph of Ca^ versus time, where Câ . is the 
concentration of acetic acid during the reaction.
The following change was made in the equilibrium con­
stant equation to calculate values for reverse reactions.
The initial ester and water concentration, Co, was mixed 
to equal, for example, 1,25 M, but could not be checked by 
titration. Equation 2 with Cao^ replaced by Co was used to 
calculate the equilibrium constant.
Order of Esterification Reaction
The order of the esterification reaction was determin­
ed graphically. Figure 5 is a graph of f(Ca) versus time 
for a variety of runs. For each of the runs in this in- 
vestigation, l/CaT versus time gave a straight line, indicat­
ing the reaction was third order (14). Figure 4 shows the 
results of a run in which the alcohol was in excess. The 
plot of 1/Ca>p versus time is a straight line, indicating 
that the reaction was second order with respect to the acid. 
This result is compatible with the work done by Leyes and 
Othmer (15) in their study of butanol-acetic acid esterifi­
cation. Bennett (16) suggests that acetic acid exists as a
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double molecule,(C2H4O2)2 > i** the present range of temperature, 
which suggests a second-order reaction with respect to the 
acid. From figures 4 and 5 it was concluded that the equi- 
molar eyelohexanol-acetic acid esterification was second 
order with respect to the acid, first order with respect to 
the alcohol—therefore third order for the equimolar reaction. 










0.0 1.0 2.0 3.0 4.0 5.0
Time (hr)
Figure 4s Determination of Order 
Alcohol 8M, Acid 1M, 104°F, (0.75 ml catalyst/150 ml)
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Time (hr)
Figure 5: Forward Reactions Relation
between Reactant Concentration 




The reversible reaction under consideration can be
represented by A + B^=^C + D, where A and B are equimolar,
and C and D are equimolar. If A and B react to form C and
D, it can be assumed that the reaction is irreversible and
can be written A + B— »C 4* D. After about 70% to 80% of the
2reaction had taken place, the graph of 1/Caj versus time de­
viated from a straight line. At this point the reverse re­
action began to exert a noticeable effect. Up to the break- 
off point on the graph, however, the forward reaction can be 
used by itself to obtain the rate constant, kf. For the 
forward reaction the defining third-order differential 
equation becomes s
dCa™ n
------ = kf CaT Chj (Eq 3)
dt
where s Cbrj, * concentration of cyclohexanol.
If the reaction is equimolar in acid and alcohol, equation 
3 may then be written:
dCaT o
 —  = kf CaT (Eq 4)
dt
2and integrated to yields 1/Ca™ - 2kf(t) + I (Eq 5)
where I is the constant of integration. If this is the
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2governing equation* then the graph of 1/Ca^ should yield a 
straight line with a slope of 2k£.
It was assumed in equation 4 that the concentration of 
the alcohol equaled the concentration of the acid. There 
was a reaction, however, between the alcohol and the catalyst 
which depleted the alcohol by an amount ijJ . Since the react­
ion of catalyst and alcohol was complete in less than 10 min 
for all runs, (Jj was considered to be a constant. For this 
assumption the defining third-order differential equation 
becomes s - dCaT/dt '» kf CaT (CaT - (]J ) . (Eq 6)
Equation 4 may be written in finite difference forms
3- (ACa^/ At)/Ca| » kf. (Eq 7)
Equation 6 may be rewritten in the same manners
2- ( ACa^/A t)/CaT (CaT -(//) « k^. (Eq 8)
When the rate constant, kf, was calculated from equations 7 
and 8 by means of original data, the range of percent 
deviation of equation 8 from equation 7 was 0.4% to 7.2%, 
with the majority of the runs having a deviation of about 
3%. After consideration of the error involved and the rel­
ative ease of calculation, the rate constant was calculated 
by means of equation 5 by the graphical method. Only the 
values of Ca<j in the range 20% to 80% reaction were used to
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2construct the graph of 1/Cay versus time*, The slope was 
then calculated to be 2kf»
Theoretically, the same type of analysis could have 
been used to determine the governing equation for the reverse 
reaction. It was found experimentally, however, that even 
an ester-water concentration of 2.5 M was heterogeneous upon 
addition of the catalyst. Because samples could not be 
taken, the reverse rate constant, kj., could not be calculat­
ed for the majority of possible combinations of variables. 
Other aspects of the reverse reaction are discussed later in 
the Interpretation of Results.
It may be noted that Goldschmidt *s equation (1) is only 
applicable to a second-order reaction or one in which the 
alcohol is in excess.
Reaction Rate Constant Equation
The following section explains how the various re­
lationships between the variables, initial reactant con­
centration, catalyst concentration, and temperature were 
combined to obtain an equation which could'be used to pre­






1/T x 103 °ABS
Figure 6 s Relation between Rate Constant, kf, 
and Temperature at 0.75 ml catalyst
T-1070 23
2 *75




Figure 82 Relation between Rate Constant and 
Initial Reactant Concentration at 







Figure 1% Relation between Activation Energy 
and Initial Reactant Concentration 





k.p » 0.01152 + 0.08150(gm catalyst).0.050
0.025 2.51.50.50.0
grams H2SO4
Figure 9s Relation between Rate Constant and 
Catalyst Weight at 2.5 M and 158°F
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The rate expression for many reactions cam be written 
as a function of temperature times a function of compositions 
or; r = f(temperature)*g(composition)
where f(temperature) equals the rate constant, k. If an 
Arrhenius type dependency is assumed, then;
k = kQ exp[-E/R(l/T - 1/Tq)] . (17) (Eq 9)
If the graph of -In kf versus 1/T°ABS yields a straight line, 
then the slope of that line equals E/R. Figure 6 is that 
graph at constant catalyst concentration and various values 
of initial reactant concentration• It was found that E/R 
was a function of initial concentration, but not catalyst 
concentration. Figure 7, a plot of E/R versus Caorp0, was 
assumed to yield a straight line. This line had the equation; 
E/R = 9860 + 788 Cao^. A base temperature of 618°R (158°F) 
was chosen, and the exponential term was written; 
exp [-E/R(1/T-1/Tq)] - exp [<9860+788CaoTo) (0.0016181-1/T)]. (Eq 10) 
C 1 was then defined as (grams i^SO^/gram cyclohexanol) 
times 100. Figure 8 is a plot of k^/C* versus Cao^ 0 at the 
base temperature and constant catalyst concentration. The 
equation of the straight line obtained was
kf - O'(0.0425 - 0.0034 Ca©To). (Eq 11)
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Given the volume of 0*15 liter, the weight of the cyelo- 
hexanol was calculated to be 15*024 Ca©^0o Therefore, 
equation 11 could be simplified tos
0 *2829
kf « gm H2S04(-------  -0 *02263) * (Eq 12)
Cao^o
An initial reactant concentration of 2*5 M was chosen 
as the base concentration* The rate constant was found to 
be a function of catalyst concentration at constant initial 
reactant concentration and constant temperature. Figure 9 
is a plot of kf versus gm catalyst at 2*5 M and 158°F. The 
equation for the straight line through the points was
kf * 0*01152 + 0*0815 (gm catalyst), (Eq 13)
Equation 13 was substituted for gm H2S04 in equation 12, 
and the result was multiplied by equation 10 to yield 
kf= [0.01152+0.0815(gm cat)] (0.2829/CaoTo-0.02263) • (Eq 14) 
exp[(9860+788Ca©Xo) (0.0016181-1/T)] .
At the base concentration and base temperature, equation 14 
should become only a function of catalyst concentration*
The exponential term becomes exp(0) at the base temperature. 
A value of 2.5 M was substituted into the second term of 
equation 14, and the term was calculated to be 0.09053.
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The first term of equation 14 was divided by 0*09053 to 
obtain the terms 0*1272 + 0*900(gm catalyst)*
Equation 14 for kf did not contain a volume term; therefore 
(gm catalyst) was converted to moles per liter, 0  , given 
the volume 0*15 liter. The term thus became equal to 
(0.1272 + 13.2408 (j) )* Therefore the equation for the 
prediction of the reaction rate constant became
0*2829 - 0.02263kf * (0.1272 + 13.2408 (p )
Cao^0
exp [(9860 + 788 Cao-, ) (0.0016181 - 1/T)] . (Eq 15)
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RESULTS
Results of this investigation are tabulated on the 
pages that follow* The experimental rate constants for 
various combinations of variables are shown in figure 1 0. 
Calculated and experimental rate constants, percent 
deviations, and data leading to the results are tabulated 
in Table 2. Equilibrium constants of the forward and re­
verse runs and the results of the steps leading to their 











1.00104 122 140 158
Catalyst
Figure 10; Forward Reaction Rate Constant Results
_ liter^Note: All values of kf have dimensions of ----- — ------(moles2time)
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Table 2% Reaction Rate Constant Results
run gm H2SO4 T°F CaoTo k’caic I?*“exp % dev
1 1o3637 104 2.498 0.0197 0.0203 -3.0
2 1.8247 104 2.503 0.0256 0.0255 +0.4
3 1o3741 122 2.498 0.0378 0.0344 +9.9
4 1.8227 122 2.498 0.0490 0.0443 +10 .6
5 1.8297 122 2.503 0.0491 0.0435 +12.9
6 0.4785 140 2.503 0.0283 0.0257 +10 .1
7 1.3780 140 2.498 0.0697 0.0705 -1 .1
8 1.3728 140 2.518 0.0687 0.0713 -3.6
9 1.8311 140 2.518 0.0896 0.0908 -1.3
10 0.4593 158 2.503 0.0488 0.0460 +6 .1
11 0.4631 158 2.482 0.0497 0.0479 +3.8
12 1.3725 158 2.503 0.1232 0.1236 -0.3
13 1.8266 158 2.539 0.1573 0.1574 0 .0
14 1.8323 158 2.487 0.1618 0.1590 +1 .8
15 0.4668 176 2.498 0.0852 0.0780 +9.2
16 1.3723 176 2.498 0.2124 0.2170 -2 .1
17 1.3761 176 2.507 0.2119 0.2190 -3.2
18 1.3750 122 5.014 0.0115 0.0103 +11.7
19 1.3750 122 5.033 0.0114 0.0108 +5 .6
20 1.8313 122 5.006 0.0150 0.0144 +4.2
21 1.3782 140 5.079 0.0232 0.0232 0 .0
22 1.3815 140 5.089 0.0217 0.0239 -9.2
23 0.4599 140 5.021 0.0093 0.0084 +10.7
24 1.8297 158 5.000 0.0603 0.0605 -0.3
25 1.3783 158 4.998 0.0464 0.0455 +2 .0
26 1.3658 176 5.033 0.0857 0.0825 +3.9
27 1.3658 176 5.033 0.0857 0.0881 -2 .1
28 0.4640 140 3.757 0.0153 0.0143 +7.0
29 1.3718 140 3.757 0.0385 0.0401 -4.0
30 1.3819 158 3.719 0.0733 0.0739 -0 .8
31 1.3803 176 3.762 0.1296 0.1320 -1 .8
32 0.4624 140 1.264 0.0644 0.0610 +5.6
33 1.3766 140 1.264 0.1619 0.1563 +3.6
34 1.3746 176 1.264 0.4511 0.4258 +5.9
35 1.3779 176 1.259 0.4544 0.4258 +6.7
run gm H2SO4 T°F CeoTo if
41 0.4584 140 1.250 0.0387
42 1.3820 140 1.250 0.1185
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Table 3; Equilibrium Constant Results
Forward Runs;
run T°F CaoTo Gao«j» Cafx V K
1 104 2.498 2.482 1.113 0.0536 1.65
2 104 2.503 2.492 1.113 0.0746 1.73
3 122 2.498 2.477 1.123 0.0598 1.60
4 122 2.498 2.482 1.102 0.0790 1.79
5 122 2.503 2.498 1.123 0.0812 1.71
6 140 2.503 2.482 1.082 0.0174 1.72
7 140 2.498 2.482 1.118 0.0608 1.64
9 140 2.518 2.482 1.123 0.0782 1.66
10 158 2.503 2.471 1.061 0.0198 1.60
12 158 2.503 2.461 1.102 0.0632 1.69
14 158 2.487 2.456 1.139 0.0838 1.53
15 176 2.498 2.461 1.081 0.0206 1.69
16 176 2.498 2.461 1.113 0.0636 1.63
18 122 5.014 4.956 2.187 0.0493 1.67
19 122 5.033 4.980 2.187 0.0495 1.72
20 122 5.006 4.936 2.111 0.0907 1.93
21 140 5.079 5.006 2.116 0.0604 1.96
22 140 5.089 4.995 2.116 0.0590 1.94
23 140 5 .021 4.938 2.064 0.0146 1.96
24 158 5.000 4.917 2.090 0.0826 1.96
26 176 5.033 4.898 2.173 0.0693 1.67
27 176 5.033 4.917 2.173 0.0701 1.69
28 140 3.757 3.715 1.589 0.0152 1.82
29 140 3.757 3.705 1.625 0.0584 1.75
31 176 3.762 3.658 1.609 0.0622 1.74
32 140 1.264 1.249 0.575 0.0150 1.44
33 140 1.264 1.249 0.596 0.0596 1.46
34 176 1.264 1.254 0.601 0.0652 1.46
Reverse Runs;
run T°F Co Caf^ V K
36 104 2.500 1.097 0.0544 1.79
37 122 2.500 1.092 0.0596 1.83
38 140 2.500 1.118 0.0616 1.69
39 158 2.500 1.102 0.0638 1.79
40 176 2.500 1.113 0.0634 1.72
41 140 1.250 0.549 0.0147 1.71
42 140 1.250 0.585 0.0602 1.57
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INTERPRETATION OF RESULTS
The activation energy, equilibrium constant, reaction 
rate constant, and the reverse reaction are discussed in 
this section.
Activation Energy
The activation energy was calculated from a plpt of 
-In kf versus 1/T°ABS. At an initial reactant concentration 
of 2.5 M; 0.25-, G.75-, and 1 .00-ml catalyst gave values of 
E/R equal to 11800°ABS, 11830°ABS, and 11800°ABS respectively. 
This shows the activation energy, E, not to be a function 
of catalyst concentration. As is shown in figure 6 , activat­
ion energy is. a function of initial reactant concentration. 
Values of E/R ranged from 10610°ABS at 1.25 M to 13690°ABS 
at 5.0G M. Since a small error in the rate constant would 
cause a large error in -In kf, the fact that good straight
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lines were obtained in all cases indicating that the values 
of kf were correct, and E/R was indeed a function of initial 
reactant concentration.
Equilibrium Constant
It was noticed that after 20 to 25 hr, the acetic acid 
concentration tended to drift with an approximately constant 
negative slope with time. The corks in the reaction vessel 
were examined after 40 hr in one run and were found to con­
tain water and dioxane. This would explain the drift in end 
point since, as the water was removed and held in the corks, 
the reaction could proceed further. This drift was about 
0.0016 M per hr. A slight amount of evaporation may also 
have taken place over a 30-hr period because the reactor 
was opened to take 20 to 30 samples in that period. In the 
reverse runs, 36 to 42, the end point could be determined 
more accurately. As the reaction proceeded, the concent­
ration of acetic acid increased to a maximum and then in 
some cases decreased. When the concentration began to de­
crease, the drift in the end point had begun. Therefore, 
the maximum acetic acid concentration was the equilibrium 
value. The results from the reverse reactions therefore
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assumed to be more accurate than those of the forward runs.
Table 3 shows the calculations and results of the equi­
librium constant, K. From the results of runs 36 to 40, it 
was surmised that temperature had at most only a slight 
effect on the equilibrium constant, This effect is compat­
ible with the fact that the maximum E/R from figure 6 was 
13690°ABS. The results in Table 2 were examined to deter­
mine the effect of initial concentration on the equilibrium 
constant. It has been stated that the accuracy in some runs 
was questionable. Therefore, it was perhaps more instruct­
ive to examine the averages of the initial reactant concen­
tration groups. The average K was 1.45 for 1.25 M (runs 32- 
34), 1.66 for 2.5 M (runs 1-16), 1.77 for 3.75 M (runs 28- 
31), and 1.83 for 5.00 M (runs 18-27). These results indicate 
that the equilibrium constant might be a function of initial 
reactant concentration. In order to justify this result, it 
was first assumed that the catalyst concentration had nd 
effect on the equilibrium constant. No generalization could 
be drawn from the data and results, but at most it could 
only have had a slight effect. It was also concluded from 
previous papers on esterification that the catalyst had no
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effect on the equilibrium constant. Since it has been stat­
ed that temperature did not affect K to any degree, the only 
variable that could have caused a change in K with initial 
concentration was the initial concentration itself. If 
initial concentration had no affect on K, then either an 
error in titration or a faulty end point, or both, might 
have caused the differences in the average values of K. Run 
32 gave the minimum (1.44) value of K. If an error of 0.005 
ml base per ml of sample was assumed to have been made in 
each titration, a maximum relative error of 7% could have 
been generated to give a value of 1.54. This value is not 
even as great as the average for the runs at 2.5 M, much 
less the largest value of K. Thus, errors in titration do 
not explain the results. The maximum error in the end point 
was probably 0.02 M, which in run 32 would have caused an 
error of 0.04 to give a maximum value of 1.48. Thus, a 
faulty end point would not adequately explain the results. 
Combined titration and end point errors would generate a 
maximum value of 1.58, which is still not as great as the 
average K at 2.5 M. Other runs were examined, and errors 
of the same degree resulted. Therefore it was concluded
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that experimental errors would not explain the results, and 
that the results and errors indicated the only way to explain 
the change in equilibrium constant with initial concentration 
was to assume that the equilibrium constant was a function 
of initial reactant concentration. A reaction vessel in 
which no drift was possible would quickly substantiate or 
refute this assumption.
Reaction Rate Constant
The results of figures 4 and 5 indicated that the
reaction was first order with respect to the cyclohexanol
and second order with respect to the acetic acid. A graph 
2of 1/Ca*j» versus time was drawn for each run, and the slope 
was calculated to be 2k£, the forward rate constant. The 
rate constants for 35 combinations of variables are given 
in figure 10. Nine duplicate runs are also given. The 
average deviation ranged from 0.0% to 3.3%, with the median 
at 0.9%. Therefore, a good degree of precision was obtained 
with the stirred batch reactor and the procedure that was 
used. The drift in acetic acid concentration that was dis­
cussed previously did not affect the rate constant results, 
because most of the runs reached 80% reaction in less than
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4 hr, the maximum being only 10 hr for run 32.
It was observed in figure 10 that an increase in 
either temperature or catalyst concentration caused an 
increase in the rate constant. However, an increase in the 
initial reactant concentration caused a decrease in the rate 
constant. The rate constant was determined from figures 8 
and 9 to be a linear function of both catalyst and initial 
reac t ant c one entrat ion.
Equation 15 related the rate constant to the three 
variables. Rate constants calculated from equation 15, 
experimental rate constants, and the percent deviations are 
given in table 2. The percent deviations ranged from 0.0% 
to 12.9%, with a 3.8% mean deviation and a 4.8% average 
deviation.
Reverse Reaction
It was desired to calculate the rate constant for the 
reverse reaction. However, an ester and water concentration 
of 2.5 M or greater was heterogeneous after the catalyst was 
added. Figure 11 is a graph of Ca^ versus time for runs 36 
to 40, each at an initial reactant concentration of 2.5 M. 
The only variable in these runs was temperature. The first
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point on each graph was taken as close as possible to the 
time when the reaction mixture became homogeneous . Reverse 
rate constants could not be calculated for these runs, but 
the runs were useful in determining the effect of temperature 
on the equilibrium constant.
Solutions at an ester-water concentration of 1.25 M 
with either 0.25 ml or 0.75 ml of catalyst per 150 ml of 
solution were homogeneous throughout the reaction. These 
were the only two combinations of variables covered in this 
study that gave homogeneous solutions at all times. It was 
assumed from figure 12, a plot of f(Ce^) versus time, where 
Cej is the ester concentration, that the reverse reaction 
was third order. Rate constants were calculated by the 






















Figure 11: Reverse Reactions Acetic Acid Concentration
Versus Time For a Series of Temperatures
Initial Reactant Concentration- 2.5 M 
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The following conclusions resulted from this study;
(1) The esterification reaction was first order with 
respect to cyclohexanol and second order with respect to 
acetic acid. The reverse reaction was third order.
(2) Esterification reaction rate constants can be 
predicted within 5% by an empirical equation.
(3) The rate constant was a function of initial 
reactant concentration, catalyst concentration, and temp­
erature .
(4) It was indicated by the results that the activat 
ion energy was not a function of catalyst concentration, 
but was a function of initial reactant concentration.
(5) The equilibrium constant was at most weakly 
influenced by temperature and not influenced by catalyst 
concentration. The results also indicated that the
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equilibrium constant increased with increasing initial 
reactant concentration More work would be necessary to 
refute or substantiate this finding, and it is recommended 
that in future work all cork in the reaction apparatus be 




The amount of alcohol reacted and water formed by the 
catalyst-alcohol reaction, the equilibrium constant, and the 
rate constant calculated from equation 15 are calculated 
for run no. 9.
The necessary data for run 9 are
Temperature • 140°F ** 600°R 
Catalyst concentration *■ 1.00 ml/150 ml total 
Cao»j» * 2.482 moles acetic acid per liter 
Cao»f0 * 2.518 moles acetic acid per liter
^  » 0.160 ml per ml of sample
The alcohol reacted and water formed by the catalyst- 
alcohol reaction can be calculated from the following 
equation:
= 2 0  CaoT/CaoTo - NaOH.
43
0 -
1.8311 gra catalyst mole catalyst
0.15 liter 98.08 gm catalyst
- 0.1245 M
2 eq 0.1245 mole cat 2.482 mole cat
jnole cat liter liter
liter 0.160 1.045 eq
2.518 moles cat liter
0.0782 N
The equilibrium constant can be calculated from the 
following equation:
K -
(Caorp - Cafj) (Caox - Caf^ + f t )
K -
K =
(Caf T - (/f ) CafT 
(2.482 M - 1.123 M)(2.482 M - 1.123 M + 0.0782 M)




The reaction rate constant can be calculated from 
equation 15:
kf *= (0.1272 + 13.2408 ) (0.2829/CaoTo - 0.02263)*
exp {[(9860 + 788 CaoTo)](0.0016181 - 1/T)} . 
kf = [0.1272 + 13.2408(0.1245)] (0.2829/2.518 - 0.0263)' 
exp [(9860 + 788(2.518)) (0.0016181 - 1/600)]
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kf = (1.7757) (0.08977) exp [(98604-1984) (0.0016181 - 
0.0016667)]
kf - (1.7757) (0.08977) exp[ll844(-0.0000486)]
kf = 0.15940(0.562)
k* * 0.0896 liter^/ mole^-hr
The experimental value of kf was 0.0908, therefore
the percent deviation is





Densities were measured in a pycnometer which was
calibrated at each temperature with mercury. The density
can be calculated from the empirical equation



















Data are presented for 35 forward runs, 7 reverse 
runs, and 1 order run. The following notation was used to 
present the data:
ml base: ml NaOH necessary to neutralize a 1-ml
sample.
corr ml base: ml NaOH per 1-ml sample with free acid­
ity correction applied.
Câ .: concentration of acetic acid at operating
temperature.
Cao^o5 initial acetic acid concentration at temp To.
Ce^: ester concentration at operating temperature T.
Caô ,: initial acetic acid concentration at operating
temperature T.





Run 1 2.5 M (0.75 ml/150 ml) 104°F Corr -0.125 ml/ml
Time ml Corr Câ . 1/Ca«j* 1/Caf







2.00 2.095 1.970 2.059 0.486 0.236
2.50 2.020 1.895 1.980 0.505 0.255
3.00 1.950 1.825 1.907 0.524 0.275
3.50 1.890 1.765 1.844 0.542 0.294
4.00 1.830 1.705 1.782 0.561 0.315
4.50 1.775 1.650 1.724 0.580 0.336
5.00 1.730 1.605 1.677 0.596 0.355
5.50 1.690 1.565 1.635 0.612 0.375
6.00 1.650 1.525 1.594 0.627 0.393
7.00 1.580 1.455 1.520 0.658 0.433
, 8.00 1.520 1.395 1.458 0.686 0.471












un 2 2.5 M (1.00 ml/150 ml) 104*5F Corr -0.16!
0.00 2.385 2.385 2.492
0.25 2.435 2.270 2.372
0.50 2.380 2.215 2.315
0.75 2.325 2.160 2.257
1.00 2.260 2.095 2.189
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Time ml Corr Câ i 1 / Catji 1/Ca^
(hr) base ml base
1.50 2.140 1.975 2.064 0.484 0.234
2.00 2.050 1.885 1.970 0.508 0.258
2.50 1.955 1.790 1.871 0.534 0.285
3.00 1.890 1.725 1.804 0.555 0.308
4.15 1.745 1.580 1.651 0.606 0.367
4.50 1.705 1.540 1.609 0.622 0.387
5.50 1.610 1.445 1.510 0.662 0.438
6.00 1.575 1.410 1.473 0.679 0.461
7.00 1.510 1.245 1.406 0.711 0.506
7.95 1.465 1.300 1.359 0.736 0.542
8.95 1.425 1.260 1.317
10.00 1.395 1.230 1.285
11.00 1.360 1.195 1.249
13.75 1.310 1.145 1.197
16.50 1.275 1.110 1.160
18.75 1.260 1.095 1.144
24.00 1.240 1.075 1.123
29.00 1.235 1.070 1.118
38.00 1.225 1.060 1.108
38.25 1.230 1.065 1.113
40.00 1.230 1.065 1.113
Run 3 2.5 M (0.75 ml/150 ml) 122°F Corr -0.12<
0.00 2.370 2.477 2.477
0.0083 2.485 2.365 2.471
0.083 2.440 2.320 2.424
0.167 2.400 2.280 2.383
0.333 2.345 2.225 2.325
0.500 2.270 2.150 2.247 0.445 0.198
0.75 2.195 2.075 2.168 0.461 0.213
1.00 2.130 2.010 2.100 0.476 0.227
1.25 2.060 1.940 2.027 0.493 0.243
1.50 1.990 1.870 1.954 0.512 0.262
1.75 1.920 1.800 1.881 0.532 0.283
2.25 1.835 1.715 1.792 0.558 0.311
2.75 1.740 1.620 1.693 0.591 0.349
3.25 1.660 1.540 1.609 0.622 0.387
3.75 1.595 1.475 1.541 0.649 0.421
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Time ml Corr
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CaT 1/Caj l /C a *  





































Time ml Corr Ca«p 1/Ca
(hr) base ml base
5.50 1.500 1.455 1.520 0.658
6.00 1.455 1.410 1.473 0.679
16.50 1.145 1.100 1.150
19.50 1.115 1.070 1.118
22.00 1.100 1.055 1.102
0.433
0.461
Run 7 2.5 M (0.75 ml/150 ml) 140°F Corr -0.120 ml/ml
0.00 2.375 2.375 2.482
0.0083 2.460 2.340 2.445
0.083 2.395 2.275 2.377
0.167 2.340 2.220 2.320
0.25 2.290 2.170 2.268 0.441 0.194
0.417 2.175 2.055 2.147 0.466 0.217
0.583 2.090 1.970 2.059 0.486 0.236
0.75 1.990 1.870 1.954 0.512 0.262
1.00 1.880 1.760 1.839 0.544 0.296
1.25 1.785 1.665 1.740 0.575 0.331
1.75 1.620 1.510 1.568 0.638 0.407
2.00 1.560 1.440 1.505 0.664 0.441
2.50 1.470 1.350 1.411
3.00 1.390 1.270 1.327
3.50 1.340 1.220 1.275
4.083 1.305 1.185 1.238
4.75 1.265 1.145 1.197
6.00 1.230 1.110 1.160
8.00 1.210 1.090 1.139
16.00 1.190 1.070 1.118
Run 8 2.5 M (0.75 ml/150 ml) 140°F Corr -0.12(
0.00 2.395 2.395 2.503
0.0083 2.470 2.350 2.456
0.25 2.290 2.170 2.268 0.441 0.194
0.50 2.130 2.010 2.100 0.476 0.227
1.00 1.870 1.750 1.829 0.547 0.299
1.50 1.695 1.575 1.646 0.608 0.370
2.00 1.555 1.435 1.500 0.667 0.445


























































































F Corr -0.040 ml/ml
0.447 0.200
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Time ml Corr Ca*£ 1/Ca*g« 1/Cax
(hr) base ml base
0*75 2.075 2.035 2.127 0.470 0.221
1.00 1.980 1.940 2.027 0.493 0.243
1.50 1.830 1.790 1.871 0.534 0.285
2.00 1.700 1.660 1.735 0.575 0.332
2.50 1.590 1.550 1.620 0.617 0.381
3.083 1.490 1.450 1.515 0.660 0.436
3.50 1.430 1.390 1.453 0.688 0.473
4.083 1.370 1.330 1.390
4.50 1.330 1.290 1.348
5.00 1.290 1.250 1.306
5.50 1.265 1.225 1.280
6.00 1.230 1.190 1.244
7.00 1.195 1.155 1.207
8.00 1.155 1.115 1.165
9.00 1.135 1.095 1.144
11.00 1.110 1.070 1.118
12.00 1.110 X o 07© 1.118
15.00 1.085 1.045 1.092
17.00 1.080 1.040 1.089
21.50 1.065 1.025 1.071
24.00 1.055 1.015 1.061
30.00 1.055 1.015 1.061
m  11 2.5 M (0,25 ml/150 ml) 158(5F Corr -0.04<
0.00 2.335 2.335 2.440
0.0083 2.365 2.320 2.424
0.25 2.270 2.230 2.330
0.50 2.150 2.110 2.205
0.75 2.050 2.010 2.100 0.476 0.227
1.00 1.970 1.930 2.017 0.496 0.246
1.75 1.740 1.700 1.777 0.563 0.317
2.75 1.530 1.490 1.557 0.642 0.412
3.50 1.420 1.380 1.442 0.693 0.480
4.00 1.365 1.325 1.385 0.722 0.521
4.50 1.320 1.280 1.338 0.747 0.558
5.50 1.245 1.205 1.259
7.00 1.185 1.145 1.197
8.00 1.145 1.105 1.155
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Time ml Corr Caj l/Caj 1/Ca^
(hr) base ml base
12.25 1.095 1.055 1.102
15.00 1.080 1.040 1.087
28.00 1.045 1.005 1.050
42.50 1.020 0.980 1.024
Run 12 2.5 M (0.75 ml/150 ml) 158°F Corr -0.115
0.00 2.355 2.355 2.461
0.0083 2.445 2.325 2.430
0.167 2.250 2.135 2.231 0.448 0.201
0.333 2.070 1.955 2.043 0.489 0.239
0.50 1.920 1.805 1.886 0.530 0.281
0.667 1.800 1.685 1.761 0.568 0.323
0.833 1.700 1.585 1.656 0.604 0.365
1.00 1.615 1.500 1.568 0.338 0.407
1.25 1.515 1.400 1.463 0.684 0.468
1.667 1.390 1.275 1.332
2.083 1.325 1.210 1.264
2.50 1.275 1.160 1.212
3.083 1.240 1.125 1.176
4.083 1.120 1.095 1.144
6.167 1.190 1.075 1.123
7.667 1.180 1.065 1.113
9.00 1.180 1.065 1.113
10.00 1.180 1.065 1.113
16.00 1.170 1.055 1.102
Run 13 2.5 M (1.00 ml/150 ml) 1581°F Corr -0.155
0.00
0.0083 2.515 2.360 2.366
0.167 2.250 2.095 2.189
0.333 2.040 1.885 1.970 0.508 0.258
0.50 1.865 1.710 1.787 0.560 0.314
0.667 1.730 1.575 1.646 0.608 0.370
0.833 1.625 1.470 1.536 0.651 0.424
1.00 1.545 1.390 1.453 0.688 0.473
1.25 1.455 1.300 1.359 0.736 0.542
1.50 1.395 1.240 1.296
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Tim© ml Corr Car(hr) base ml base
1.833 1.335 1.180 1.233
2.083 1.315 1.160 1.212
2.583 1.275 1.120 1.170
3.75 1.250 1.095 1.144
4.583 1.245 1.090 1.139
5.00 1.245 1.090 1.139
6.00 1.245 1.090 1.139
8.50 1.235 1.080 1.129
15.00 1.225 1.070 1.118
17.00 1.195 1.040 1.087
25.50 1.190 1.035 1.082
30.00 1.185 1.030 1.076
40.0© 1.170 1.015 1,061
1/Caj 1/Caf
Run 14 2.5 M (1.00 ml/150 ml) 158°F Corr -0.155 ml/ml
0.00 2.350 2.350 2.456
0.0083 2.456 2.310 2.414
0.167 2.215 2.060 2.153 0.464 0.215
0.333 2.005 1.850 1.933 0.517 0.267
0.50 1.820 1.665 1.740 0.575 0.331
0.667 1.710 1.555 1.625 0.615 0.378
0.833 1.615 1.460 1.526 0.655 0.429
1.00 1.540 1.385 1.447 0.691 0.477
1.25 1.455 1.300 1.359
1.59 1.390 1.253 1.291
2.25 1.300 1.145 1.197
2.50 1.290 1.135 1.186
3.00 1.270 1.115 1.165
3.50 1.255 1.100 1.150
4.25 1.250 1.095 1.144
5.00 1.245 1.090 1.139
6.00 1.245 1.090 1.139
7.50 1.245 1.090 1.139
Run 15 2.5 M (0.25 ml/150 ml) 176°F Corr -0.040 ml/ml
0.00 2.355 2.355 2.461
0.0083 2.365 2.325 2.430
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Time ml Corr Cay 1/Cay 1/Cay
(hr) base ml base
0.083 2.320 2.280 2.383
0.167 2.260 2.220 2.320
0.50 2.030 1.990 2.080 0.481 0.231
0.667 1.935 1.895 1.980 0.505 0.255
0.833 1.845 1.805 1.886 0.530 0.281
1.083 1.730 1.690 1.766 0.566 0.320
1.333 1.630 1.590 1.662 0.602 0.362
1.50 1.575 1.535 1.604 0.623 0.388
1.75 1.505 1.465 1.531 0.653 0.426
2.00 1.440 1.400 1.463 0.684 0.468
2.25 1.385 1.345 1 .4Q6 0.711 0.506
2.50 1.340 1.300 1.359
3.00 1.270 1.230 1.285
3.50 1.220 1.180 1.233
4.00 1.180 1.140 1.191
4.50 1.160 1.120 1.170
5.00 1.140 1.100 1.150
5.50 1.125 1.085 1.134
6.00 1.115 1.075 1.123
6.50 1.110 1.070 1.118
7.00 1.100 1.060 1.108
15.50 1.145 1.005 1.050
Run 16 2.5 M (0.75 ml/150 ml) 176*3F Corr -0 .111
0.00 2.355 2.355 2.461
0.0083 2.420 2.305 2.409
0.083 2.280 2.165 2.262
0.167 2.120 . 2.005 2.095 0.477 0.228
0.25 1.985 1.870 1.954 0.512 0.262
0.333 1.870 1.755 1.834 0.545 0.297
0.417 1.770 1.655 1.729 0.578 0.334
0.50 1.685 1.570 1.641 0.609 0.371
0.667 1.555 1.440 1.505 0.664 0.441
0.90 1.425 1.310 1.369
1.00 1.385 1.270 1.327
1.167 1.335 1.220 1.275
1.333 1.295 1.180 1.233









1.833 1.235 1.120 1.170
2.083 1.215 1.100 1.150
2.50 1.195 1.080 1.129
3.00 1.190 1.075 1.123
3.50 1.190 1.075 1.123
4.00 1.185 1.070 1.118
4.50 1.180 1.065 1.113
5.00 1.180 1.065 1.113
5.50 1.180 1.065 1.113
1/Caj 1/Caf
Run 17 2.5 M (0.75 ml/150 ml) 176°F Corr -0.115 ml/ml
0.00 2.375 2.375 2.491
0.10 2.250 2.135 2.240 0.446 0.199
0.20 2.075 1.960 2.056 0.486 0.237
0.30 1.920 1.805 1.893 0.528 0.279
0.40 1.790 1.675 1.757 0,569 0.324
0.50 1.685 1.570 1.647 0.607 0.369
0.60 1.600 1.485 1.558 0.642 0.412
0.70 1.525 1.410 1.479 0.676 0.457


































Time ml Corr Ca^ l/CaT 1/Cax
(hr) base ml base
6.20 2.780 2.640 2.555
7.00 2.720 2.580 2.497
12.50 2.500 2.360 2.284
22.00 2.400 2.260 2.187
24.00 2.400 2.260 2.187
27.00 2.400 2.260 2.187
Run 19 5 .00M (0.75 ml/150 ml) 122'°F Corr -0.140
0.00 5.145 5.145 4.980
0.0083 5.280 5.140 4.975
0.092 5.120 4.980 4.820
0.25 4.980 4.750 4.598
0.50 4.650 4.510 4.365 0.229 0.0524
0.75 4.440 4.300 4.162 0.240 0.0576
1.00 4.230 4.090 3.959 0.253 0.0640
1.55 3.900 3.760 3.639 0.275 0.0756
2.00 3.690 3.550 3.436 0.291 0.0847
2.50 3.490 3.350 3.242 0.308 0.0949
3.50 3.190 3.050 2.952 0.339 0.1149
4.00 3.100 2.960 2.865 0.349 0.1218
5.00 2.910 2.770 2.681
6.00 2.780 2.640 2.555
7.00 2.710 2.570 2.488
12.50 2.490 2.350 2.275
22.50 2.390 2.250 2.178
23.50 2.390 2.250 2.178
30.00 2.390 2.250 2.178
Run 20 5 .00 M (1.00 ml/150 ml) 122(°F Corr -0.160
0.00 4.720 4.720 4.936
0.0083 4.880 4.720 4.932
0.50 4.440 3.980 4.159 0.240 0.0576
1.00 3.705 3.545 3.705 0.270 0.0729
1.50 3.390 3.230 3.375 0.296 0.0876
2.083 3.140 2.980 3.114 0.321 0.1030
2.50 3.000 2.840 2.968 0.337 0.1136
3.25 2.800 2.640 2.759 0.362 0.1310
T-1070 60
Time ml Corr Ca'j* l/Ca«j» 1/Ca§
(hr) base ml base
3.75 2.695 2.535 2.649 0.378 0.1429
4.25 2.620 2.460 2.571
5.00 2.525 2.365 2.471
6.00 2.430 2.270 2.372
7.00 2.360 2.200 2.299
8.00 2.325 2.165 2.262
9.00 2.285 2.125 2.221
11.00 2.245 2.085 2.179
13.00 2.220 2.060 2.153
15.00 2.205 2.045 2.137
17.00 2.190 2.030 2.121
19.00 2.180 2.020 2.111
21.25 2.180 2.020 2.111
26.00 2.180 2.020 2.111
Run 21 5 .00 M (0.75 ml/150 ml) 140°F Corr -0.120
0.00 4.790 4.790 5.006
0.0083 4.890 4.770 4.985
0.083 4.630 4.510 4.713
0.183 4.400 4.280 4.473 0.224 0.0502
0.25 4.280 4.160 4.347 0.230 0.0529
0.417 4.000 3.880 4.055 0.247 0.0610
0.583 3.760 3.640 3.804 0.263 0.0692
0.75 3.750 3.450 3.605 0.277 0.0767
1.00 3.340 3.220 3.365 0.297 0.0882
1.285 3.130 3.010 3.145 0.318 0.1011
1.50 2.990 2.870 2.999 0.333 0.1109
1.75 2.880 2.760 2.884 0.347 0.1204
2.00 2.780 2.660 2.780 0.360 0.1296
2.50 2.620 2.500 2.613
3.00 2.500 2.380 2.487
3.50 2.440 2.320 2.424
4.00 2.380 2.260 2.362
4.50 2.340 2.220 2.320
12.25 2.200 2.080 2.174
14.80 2.180 2.060 2.153
22.00 2.160 2.040 2.132
23.50 2.160 2.040 2.132
T-1070 61
Time ml Corr Carn
(hr) base ml base X
26.50 2.140 2.020 2.111
30.00 2.130 2.010 2.100
37.50 2.100 1.980 2.069
l/Ca^ 1/Caj
Run 22 5.00 M (0.75 ml/150 ml) 140°F Corr -0.120 ml/ml
0.00 4.780 4.780 4.995
0.0083 4.880 4.760 4.974
0.083 4.650 4.530 4.734
0.167 4.470 4.350 4.546 0.220 0.0484
0.25 4.300 4.180 4.368 0.229 0.0542
0.417 4.000 3.800 4.055 0.247 0.0610
0.583 3.780 3.660 3.825 0.261 0.0681
0.783 3.530 3.410 3.563 0.281 0.0790
1.00 3.330 3.210 3.354 0.298 0.0888
1.25 3.140 3.020 3.156 0.317 0.1005
1.50 3.000 2.800 2.999 0.332 0.1102
1.75 2.850 2.730 2.853 0.351 0.1232
2.00 2.760 2.640 2.759 0.362 0.1310
2.45 2.540 2.420 2.529
3.50 2.420 2.400 2.404
4.50 2.320 2.200 2.299
10.40 2.190 2.070 2.163
13.20 2.180 2.060 2.153
26.70 2.130 2.010 2.100
Run 23 5.00 M (0.25 ml/150ml) 140°F Corr -0.045 ml/ml
0.00 4.725 4.725 4.938
0.0083 4.770 4.725 4.938
0.25 4.535 4.490 4.692
0.50 4.360 4.315 4.509
1.00 4.030 3.985 4.164 0.240 0.0576
1.50 3.770 3.725 3.893 0.257 0.0660
2.00 3.565 3.520 3.678 0.272 0.0740
2.50 3.380 3.335 3.485 0.287 0.0824
3.00 3.205 3.160 3.302 0.303 0.0918
3.50 3.085 3.040 3.177 0.315 0.0992
4.00 2.970 2.925 3.057 0.327 0.1069
T-1070 62
Time ml Corr













































































Time ml Corr Ca^ 1 / Ca*g« 1/Ca|
(hr) base ml base
9.00 2.180 2.025 2.116
11.00 2.165 2.010 2.100
13.00 2.140 1.985 2.074
18.00 2.115 1.960 2.048
20.00 2.090 1.935 2.022
24.50 2.075 1.920 2.006
Run 25 5 .00 M (0.75 ml/150 ml) 158°F Corr -0.115 ml/ml
0.00 4.735 4.735 4.967
0.10 4.400 4.285 4.495 0.222 0.050
0.20 4.055 3.940 4.133 0.242 0.059
0.30 3.780 3.665 3.845 0.260 0.068
0.40 3.560 3.445 3.614 0.277 0.077
0.50 3.355 3.240 3.399 0.294 0.087
0.70 3.080 2.965 3.110 0.332 0.103
0.90 2.875 2.760 2.895 0.345 0.119
1.10 2.715 2.600 2.727 0.367 0.135
1.30 2.600 2.485 2.607 0.384 0.147
Run 26 5.00 M (0.75 ml/150 ml) 176°F Corr -0.115 ml/ml
0.00 5.060 5.060 4.898
0.0083 5.040 4.925 4.767
0.092 4.390 4.275 4.138 0.242 0.0586
0.167 3.980 3.865 3.741 0.267 0.0713
0.25 3.660 3.545 3.431 0.291 0.0847
0.333 3.400 3.285 3.180 0,314 0.0986
0.417 3.190 3.075 2.976 0.336 0.1129
0.50 3.040 2.925 2.831 0.353 0.1246
0.667 2.800 2.685 2.599
0.833 2.680 2.565 2.398
1.00 2.580 2.465 2.386
1.27 2.500 2.385 2.308
1.50 2.440 2.325 2.250
1.75 2.420 2.305 2.231
2.00 2.390 2.275 2.202
2.50 2.360 2.245 2.173









3.083 2*370 2.255 2.183
3.50 2.360 2.245 2.173
3.583 2.360 2.245 2.173
l/Cctc 1/CaJ
Run 27 5.00 M (0.75 ml/150 ml) 176°F Corr -0.115 ml/ml
0.00 5.080 5.080 4.917
0.0083 5.090 4.975 4.815
0.092 4.450 4.335 4.196 0.238 0.0566
0.167 4.000 3.885 3.760 0.266 0.0708
0.25 3.650 3.535 3.422 0.292 0.0853
0.333 3.380 3.265 3.160 0.316 0.0999
0.417 3.120 3.005 2.909 0.344 0.1183
0.50 3.020 2.905 2.812 0.256 0.1267
0.666 2.780 2.665 2.579
0.833 2.650 2.535 2.454
1.00 2.560 2.445 2.367
1.25 2.480 2.365 2.289
1.50 2.440 2.325 2.250
1.75 2.400 2.285 2.212
2.00 2.380 2.265 2.192
2.50 2.370 2.555 2.183
3.00 2.360 2.245 2.173
CO00CM .75 M (0.25 ml/150 ml) 140°F Corr -0.045
0.00 3.555 3.555 3.715
0.0083 3.590 3.545 3.705
0.25 3.440 3.395 3.548
0.50 3.330 3.285 3.433
1.00 3.090 3.045 3.182 0.314 0.099
1.50 2.890 2.845 2.973 0.336 0.113
2.00 2.710 2.665 2.785 0.359 0.129
2.50 2.590 2.545 2.660 0.376 0.141
3.50 2.365 2.320 2.424 0.413 0.171
4.50 2.200 2.155 2.252 0 .444 0.197
5.50 2.070 2.025 2.116 0.473 0.224
6.50 1.975 1.930 2.017 0.496 0.246
7.50 1.895 1.850 1.933
T-1070 65
Time ml Corr CSLj l/CaT 1/CaJ
(hr) base ml base
8.50 1.840 1.795 1.876
10.50 1.745 1.700 1.777
12.75 1.690 1.645 1.719
14.50 1.655 1.610 1.682
16.50 1.635 1.590 1.662
19.00 1.620 1.575 1.646
21.50 1.595 1.550 1.620
22.50 1.575 1.530 1.599
28.00 1.570 1.525 1.594
30.00 1.560 1.515 1.583
m  29 3 .75 M (0.75 ml/150 ml) 140°F Corr -0.120
0.00 3.545 3.545 3.704
0.0083 3.640 3.520 3.678
0.50 2.985 2.965 2.994 0.334 0.112
0.75 2.745 2.625 2.743 0.365 0.133
1.00 2.580 2.460 2.571 0.389 0.151
1.25 2.425 2.305 2.409 0.415 0.172
1.50 2.390 2.270 2.372 0.422 0.178
2.00 2.130 2.010 2.100 0.476 0.227
2.55 2.000 1 e 880 1.965
3.00 1.920 1.800 1.881
3.50 1.855 1.735 1.813
4.00 1.815 1.695 1.771
4.50 1.780 1.660 1.735
5.417 1.720 1.600 1.672
17.00 1.675 1.555 1.625
31.50 1.655 1.535 1.604
m  30 3.75 M (0.75 ml/150 ml) 158°F Corr -0.115
0.00 3.510 3.510 3.682
0.10 3.325 3.210 3.367 0.297 0.088
0.20 3.105 2.990 3.137 0.319 0.102
0.30 2.910 2.795 2.932 0.341 0.116
0.40 2.745 2.630 2.759 0.362 0.131
0.50 2.600 2.485 2.617 0.384 0.147











































Ca<£ 1/Câ * 1/Ca^
2.145 2.030 2.129 0.470 0.221
2.040 1.925 2.019 0.495 0.245
1.995 1.880 1.972 0.507 0.257
M (0.75 ml/150 ml) 176°F Corr -0.115 ml/ml
3.500 3.500 3.658
3.550 3.435 3.590
3.155 3.040 3.177 0.315 0.099
2.690 2.575 2.691 0.372 0.138
2.380 2.266 2.367 0.422 0.178
2.220 2.105 2.200 0.455 0.207
2.105 1.990 2.080 0.481 0.231

















1.120 1.075 1.123 0.890 0.792
1.085 1.040 1.087 0.920 0.846
1.030 0.985 1.029 0.972 0.945
0.990 0.945 0.988 1.012 1.024
0.950 0.905 0.946 1.057 1.117
0.915 0.870 0.909 1.100 1.210
0.845 0.800 0.836 1.196 1.430
T-1G7G 67
Time ml Corr Ca«j* I /C ay 1 / Caj.
(hr) base ml base
8.GO 0.800 0.755 0.789 1.267 1.605
10.GO 0.755 0.710 0.742 1.348 1.817
12.GG 0.710 0.665 0.695
14. OG 0.670 0.625 0.653
18.00 0.640 0.595 0.622
21.GO 0.625 0.580 0.606
30.OG 0.600 0.555 0.580
46.00 0.585 0.540 0.564
m  33 1.25 M (0.75 ml/150 ml) 140(5F Corr -0.12(
0.00 1.195 1.195 1.249
0.0083 1.315 1.195 1.249
0.25 1.255 1.135 1.186
0.50 1.205 1.085 1.134 0.882 0.778
1.05 1.110 0.990 1.035 0.966 0.933
1.50 1.040 0.920 0.961 1.041 1.084
2.00 0.975 0.855 0.893 1.120 1.245
2.75 0.905 0.785 0.820 1.220 1.488
3.50 0.850 0.730 0.763 1.311 1.719
4.25 0.810 0.690 0.721 1.387 1.924
6.00 0.775 0.655 0.684
7.00 0.735 0.615 0.643
8.00 0.715 0.595 0.622
10.00 0.705 0.585 0.611
12.00 0.695 0.575 0.601
16.50 0.690 0.570 0.576
19.00 0.690 0.570 0.596
22.00 0.690 0.570 0.596
m  34 1.25 M (0.75 ml/150 ml) 176c>F Corr -0.11!
0.00 1.200 1.200 1.245
0.0083 1.300 1.185 1.238
0.10 1.240 1.125 1.176
0.20 1.190 1.075 1.123 0.890 0.792
0.30 1.140 1.025 1.071 0.934 0.872
0.50 1.055 0.940 0.982 1.018 1.036














Run 35 1.25 M (0.75 ml/150 ml) 176°F Corr -0.115 ml/ml
0.00 1.180 1.180 1.238
0.0083 1.285 1.170 1.227
0.10 1.240 1.125 1.180 0.847 0.718
0.35 1.105 0.990 1.039 0.962 0.926
0.50 1.045 0.930 0.976 1.025 1.051
0.60 1.005 0.890 0.934 1.071 1.147
0.80 0.945 0.830 0.871 1.149 1.319
1.00 0.900 0.785 0.824 1.214 1.475
1.20 0.855 0.740 0.776 1.288 1.659
1.40 0.825 0.710 0.745 1.343 1.803
1.55 0.805 0.690 0.724 1.382 1.909
1.75 0.780 0.665 0.698 1.433 2.055
Reverse Runs?
Run 36 2.5 M (0.75 ml/150 ml) 104°F Corr -0.125 ml/ml
19.50 0.700 0.575 0.601 Notes The initial
19.75 0.705 0.580 0.606 time in runs 36-42
20.00 0.715 0.590 0.617 is the start of the
20.50 0.735 0.610 0.637 homogeneous phase
21.00 0.755 0.630 0.658 of the reaction.
22.00 0.800 0.675 0.705
23.00 0.840 0.715 0.747
24.00 0.880 0.755 0.789
25.00 0.900 0.775 0.810
ml Corr Ca<j> 1/Ca^ 1/Ca|
base ml base
0 .905 0.790 0.826 1.211 1.467
0 850 0.735 0.768 1.302 1.695
0 815 0.700 0.732 1.366 1.866
0 785 0.670 0.700 1.429 2.042
0 760 0.645 0.674
0 730 0.615 0.643
0 715 0.600 0.627
0 705 0.590 0.617
0 695 0.580 0.606
0 .670 0.555 0.580
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Time ml Corr CaT(hr) base ml base
26.00 0.950 0.825 0.857
27.00 0.970 0.845 0.833
28.00 0.985 0.860 0.899
30.00 1.025 0.900 0.941
34.00 1.090 0.965 1.008
35.50 1.105 0.980 1.024
37.00 1.115 0.990 1.035
39.00 1.130 1.005 1.050
40.75 1.135 1.010 1.055
43.00 1.155 1.030 1.076
52.00 1.175 1.050 1.097
54.00 1.175 1.050 1.097
55.00 1.175 1.050 1.097
Run 37 2.50 M (0.75 ml/150 ml) 122°F Corr -0.120 ml/ml
9.25 0.705 0.585 0.611
10.00 0.775 0.655 0.684
11.00 0.850 0.730 0.763
11.92 0.910 0.790 0.826
15.00 1.040 0.920 0.961
16.00 1.065 0.945 0.988
18.12 1.110 0.990 1.035
19.00 1.120 1.000 1.045
20.00 1.130 1.010 1.055
22.50 1.145 1.025 1.071
26.00 1.165 1.045 1.092
28.00 1.165 1.045 1.092
32.00 1.165 1.045 1.092
Run 38 2.50 M (0.75 ml/150 ml) 140°F Corr -0.120 ml/ml
3.25 0.650 0.530 0.554
4.00 0.740 0.670 0.700
5.00 0.945 0.825 0.862
8.25 1.145 1.025 1.071
15.00 1.185 1.065 1.113
25.00 1.190 1.070 1.118
Time ml Gorr Cax
(hr) base ml base
Run 39 2.50 M (0.75 ml/150► ml)
1.83 0.735 0.620 0.648
2.25 0.880 0.765 0.799
2.50 0.895 0.780 0.815
3.00 1.045 0.930 0.972
3.50 1.105 0.990 1.035
4.083 1.140 1.025 1.071
4.583 1.155 1.040 1.087
5.00 1.165 1.050 1.097
13.00 1.170 1.055 1.102
14.00 1.170 1.055 1.102
16.00 1.170 1.055 1.102
Run 40 2.50 M (0.75 ml/150i ml)
0.708 0.680 0.565 0.590
0.833 0.715 0.600 0.627
1.00 0.835 0.720 0.752
1.167 0.920 0.805 0.841
1.50 1.015 0.900 0.941
1.75 1.090 0.975 1.019
2.00 1.125 1.010 1.055
2.517 1.165 1.050 1.097
3.083 1.180 1.065 1.113
3.5® 1.180 1.065 1.113
4.00 1.180 1.065 1.113
Rian 41 1.25 M (0.25 ml/150 ml)
Time ml Corr
(hr) base ml base
0.0083 0.060 (3.015 0.0156
0.20 0.080 13.035 0.0366
0.5© 0.100 I3.055 0.0575
1.00 0.130 (3.085 0.0888
1.50 0.155 I3.110 0.1150















(hr) base ml base cflc
2.50 0.205 0.160 0.1672
3.00 0.225 0.180 0.1881
4.00 0.270 0.225 0.2351
10.10 0.440 0.395 0.4128
12.20 0.475 0.430 0.4494
13.50 0.490 0 .445 0.4650
15.50 0.510 0.465 0,4860
20.50 0.540 0.495 0.5173
23.00 0.550 0.505 0.5277
25.00 0.555 0.510 0.5330
33.00 0.570 0.525 0.5490
40.50 0.570 0.525 0.5490
Run 42 1.25 M (0.75 ml/150 ml)
0.015 0.230 0.110 0.1150
0.50 0.265 0.145 0.1515
0.75 0.300 0.180 0.1881
1.00 0.330 0.210 0.2195
1.50 0.390 0.270 0.2822
2.10 0.450 0.330 0.3449
3.00 0.515 0.395 0.4128
3.50 0.545 0.425 0.4441
4.00 0.570 0.450 0.4703
5.15 0.610 0.490 0.5121
11.50 0.675 0.555 0.580
12.90 0.680 0.560 0.585
23.50 0.680 0.560 0.585
Order Run Alcohol 8M9 Acid 1M
Time ml Corr Ca°j*
(hr) base ml base
0.00 0.950 0.950 0.993
0.20 1.100 0.930 0.972
0.50 1.025 0.855 0.893
0.80 0.980 0.810 0.840














104°F (0.75 ml/150 ml)












Ca<j° 1/Câ , CsLsjt/Cao*p -1* a
2.00 0.815 0.645 0.674 1.484 0.679 0.387
2.60 0.755 0.585 0.611 1.637 0.615 0.485
3.55 0.685 0.515 0.538 1.859 0.542 0.612
4.25 0.645 0.475 0.496 2.016 0.499 0.694
5.00 0.605 0.435 0.455 2.198 0.458 0.780
T-1070
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